We studied drug-and metal-mediated increases in activity of haem oxygenase, the rate-controlling enzyme for haem breakdown, in chick-embryo hepatocytes in ovo and in prin: '-y culture. Phenobarbitone and phenobarbitone-like drugs (glutethimide, mephenytoin), which are known to increase concentrations of an isoform of cytochrome P-450 in chick-embryo hepatocytes, were found to increase activities of haem oxygenase as well. In contrast, 20-methylcholanthrene, which increases the concentration of a different isoform of cytochrome P-450, had no effect on activity of haem oxygenase. Inhibitors of haem synthesis, 4,6-dioxoheptanoic acid or desferrioxamine, prevented drug-mediated induction of both cytochrome P-450 and haem oxygenase in embryo hepatocytes in ovo or in culture. Addition of haem restored induction of both enzymes. These results are interpreted to indicate that phenobarbitone and its congeners induce haem oxygenase by increasing hepatic haem formation. In contrast, increases in haem oxygenase activity by metals such as cobalt, cadmium and iron were not dependent on increased haem synthesis and were not inhibited by 4,6-dioxoheptanoic acid. We conclude that (1) induction of hepatic haem oxygenase activity by phenobarbitone-type drugs is due to increased haem formation, and (2) induction of haem oxygenase by drugs and metals occurs by different mechanisms.
INTRODUCTION
It is now widely accepted that a major factor in the regulation of hepatic haem metabolism is the size of a small 'regulatory' haem pool (Granick et al., 1975; Bonkovsky, 1982) . Evidence for the existence of such a regulatory haem pool, although still indirect, is compelling. A deficiency of haem in this pool is thought to lead to a de-repression of the first and rate-controlling enzyme of haem synthesis, namely 5-aminolaevulinate (ALA) synthase (EC 2.3.1.37). In contrast, an excess of haem provided by the parenteral administration of haem to animals leads to a decrease in ALA synthase and an increase in activity and induction of haem oxygenase (EC 1.14.88.3) (Bonkovsky, 1982; Kikuchi & Yoshida, 1983) . In addition, the degree of haem saturation of the enzyme tryptophan dioxygenase (EC 1.13.11.11), a cytoplasmic soluble enzyme that b&inds haem with a relatively low avidity, has been proposed to reflect the relative size of the hepatocyte regulatory haem pool (Badawy & Evans, 1975; Sardana & Drummond, 1985) , although more recent studies in rats have suggested that tryptophan dioxygenase in intact hepatocytes is always completely saturated with respect to haem (Salter & Pogson, 1986) .
The family of haemoproteins collectively called 'cytochrome P-450' is the major user of haem synthesized by hepatocytes (for reviews, see Sato & Omura, 1978; Bonkovsky, 1982) . Several isoforms of cytochrome P-450 are known to be inducible by a variety of drugs and chemicals, including phenobarbitone and 20-methylcholanthrene (Sato & Omura, 1978) . In several studies, an inverse relationship has been observed between concentrations of hepatic cytochrome P-450 and haem oxygenase, particularly when haem oxygenase was increased in activity by administration of a variety of metals (Maines & Kappas, 1974 Sardana et al., 1980; Kikuchi & Yoshida, 1983; Yoshida et al., 1984) . It has been pointed out that there is not an obligatory inverse relationship between concentrations of cytochrome P-450 and activities of haem oxygenase (Paine & Legg, 1978; Drummond et al., 1982; Kikuchi & Yoshida, 1983) . Administration to rats of chemicals capable of increasing the concentration of cytochrome P-450, such as phenobarbitone or 20-methylcholanthrene, was found not to affect activity of hepatic haem oxygenase (Schacter & Mason, 1974) , although a modest increase in both enzymes was described in rats treated with toxic doses of benzene (Abraham et al., 1986) .
In previous studies, we and others demonstrated that chick-embryo hepatocytes, in ovo or in primary cell culture, provide a useful experimental system for study of the regulation of hepatic haem metabolism. In particular, chick-embryo hepatocyte cultures retain normal inducibility of ALA synthase (Granick et al., 1975) , at least two isoforms ofcytochrome P-450 and haem oxygenase (Maines & Sinclair, 1977; Sardana et al., 1982) .
In the studies reported here, we used chick-embryo hepatocytes in ovo and in cell culture to elucidate further the mechanisms underlying the regulation of hepatic haem metabolism, particularly the induction of haem oxygenase. Our results show that phenobarbitone-like drugs, exemplified by glutethimide and mephenytoin, are inducers of haem oxygenase, as well as of the same isoform of cytochrome P-450 . Results with inhibitors of haem synthesis show that the Abbreviation used: ALA, 5-aminolaevulinate.
Vol. 250 induction of haem oxygenase and cytochrome P-450 by mephenytoin is dependent on an increase in haem formation. Induction of haem oxygenase by heavy metals also occurs in chick-embryo hepatocytes in ovo or in culture, but this induction, unlike that produced by drugs, is not mediated by haem. A portion of this work has appeared in abstract form Cell cultures from 16-18-day chick-embryo livers were prepared by digestion with trypsin and DNAase, and maintained in a serum-free medium in the presence of insulin (0.17 /SM, for first 24 h only), tri-iodothyronine (1.5 /UM) and dexamethasone (0.76 ,SM) (Sinclair et al., 1979) . Any additions were made in dimethyl sulphoxide (l,l/ml of medium). Controls received dimethyl sulphoxide only. Cells were rinsed, scraped into buffer with a rubber spatula and then homogenized in 0.1 Mpotassium phosphate/20 % glycerol/I mM-Na4EDTA, pH 7.4. Assays Cytochrome P-450 was measured in microsomal fractions from embryo livers, or in 8700 g supernatant of Lubrol-solubilized cell homogenate (Sinclair et al., 1979) , by the method of Omura & Sato (1964) .
Haem oxygenase was measured by a modification of the method of Tenhunen et al. (1969) . The rate of bilirubin formation at 37 'C was assessed by the increase in absorbance at 470 nm versus 540 nm. In addition to the sample, the 1.0 ml reaction mixture contained 0.085 Mpotassium phosphate, pH 7.4, 5 mM-desferrioxamine, 42 /M-haemin and 25 ,M-bovine serum albumin added as a haem-albumin solution, biliverdin reductase (0.05 ml was estimated by the incorporation of [U-14C]leucine (344 ,uCi/,tmol; 0.05 ,tCi/3.5 cm plate) into protein over 2 h. After the 2 h exposure, the cells were rinsed with 0.15 M-NaCl, and the protein was precipitated with 5 % (w/v) trichloroacetic acid. The protein precipitate was rinsed with 0.15 M-NaCl and scraped into 0.1 M-NaOH/ 0.1 % (w/v) deoxycholate; portions were used for measurement of radioactivity and protein concentration.
Ouchterlony analysis
Rabbit antiserum was produced against a form of cytochrome P-450 purified from glutethimide-induced chick-embryo livers . The Ouchterlony double diffusion followed the method of Thomas et al. (1976 
RESULTS
Glutethimide increased both cytochrome P-450 and haem oxygenase in embryo liver in ovo and in cultured chick-embryo hepatocytes (Fig. 1) . In embryo liver in ovo (Fig. la) , concentrations of cytochrome P-450 rose within 4 h after the drug was administered, and continued to rise throughout the 48 h induction period, reaching values greater than 10-fold above controls. In contrast, the activity of haem oxygenase remained at control values for 10 h and then increased rapidly to maximal values about 5-fold above control. In cultured hepatocytes exposed to 50 /LM-glutethimide (Fig. lb) , concentrations of cytochrome P-450 rose throughout the 24 h induction period, despite an increase in haem oxygenase activity. The activity of haem oxygenase was significantly increased (P < 0.05) by 12 h. Measurements of concentrations of cytochrome P-450 and haem oxygenase activity in embryo liver in ovo were with microsomal fractions, and those in cultured hepatocytes were with homogenate, which accounts for the apparent difference in absolute values.
Other inducers of cytochrome P-450 also increased haem oxygenase in cultured hepatocytes (Fig. 2a) .
Vol. 250 Mephenytoin and glutethimide produced similar increases of haem oxygenase activity; phenobarbitone increased haem oxygenase activity only at relatively high concentrations. In contrast, 20-methylcholanthrene had no effect on haem oxygenase activity. All four drugs increased cytochrome P-450 in cultured hepatocytes (Fig. 2b) , although the potency of phenobarbitone was less than that of the other chemicals.
In contrast with the findings in cultured cells, in embryo liver in ovo (Fig. 2c) phenobarbitone did not detectably increase the activity of haem oxygenase. All of these compounds increased cytochrome P-450 in embryo liver in ovo (Fig. 2d) The effects of glutethimide and mephenytoin on porphyrin concentrations are shown in Table 1 . Glutethimide was the most efficacious inducer of porphyrins both in embryo liver in ovo and in cultured hepatocytes. Particularly after treatment with glutethimide there was wide variation in porphyrin accumulations among embryos and cultures, which did not correlate with either cytochrome P-450 concentrations or haem oxygenase activities. The most striking finding was the difference in patterns of porphyrin accumulation between embryo liver and cultured hepatocytes treated with glutethimide: uroporphyrin was the predominant porphyrin that accumulated in cultured hepatocytes, whereas protoporphyrin was the predominant porphyrin that accumulated in embryo liver in ovo. Similar differences in porphyrin accumulation were previously described (Ferioli et al., 1984) . Thus the cultured hepatocytes differ from hepatocytes in ovo in response to these drugs with respect to both porphyrin accumulation and haem oxygenase induction. Results are averages of two measurements which differed from each other by < 10%.
In cultured hepatocytes, cycloheximide and actinomycin blocked the increases in cytochrome P-450, haem oxygenase and porphyrins by glutethimide and mephenytoin ( A comparison of the effects of several chemicals on cytochrome P-450 and haem oxygenase in cultured hepatocytes is shown in Table 3 . 20-Methylcholanthrene increased only cytochrome P-450; cobalt and cadmium increased only haem oxygenase; glutethimide and mephenytoin increased both cytochrome P-450 and haem oxygenase. These results suggest that cytochrome P-450 and haem oxygenase are independently regulated. To emphasize further the independence of cytochrome P-450 and haem oxygenase regulation, cultured cells were exposed to both mephenytoin and cadmium (Fig. 3) . Mephenytoin-mediated induction of cytochrome P-450 in the presence of cadmium was similar to that of mephenytoin alone, despite a greater than 10-fold increase over control in haem oxygenase activity. Induction of haem oxygenase in the presence of both cadmium and mephenytoin appeared to be additive.
The relationship between the induction of cytochrome P-450 and haem oxygenase activity in cultured hepatocytes was further probed by the addition of inhibitors of haem synthesis. 4,6-Dioxoheptanoic acid is an inhibitor of ALA dehydratase (Tschudy et al., 1981) , and desferrioxamine blocks conversion of protoporphyrin into haem (Shedlofsky et al., 1987) . These inhibitors had little effect on porphyrin accumulation or concentrations of cytochrome P-450 in control cells (Figs. 4a and 4b) . However, in cells treated with mephenytoin, the inhibitors of haem synthesis prevented induction of both cytochrome P-450 and haem oxygenase by mephenytoin (Figs. 4b and 4c) ; as expected, 4,6-dioxoheptanoic acid blocked porphyrin accumulation, whereas desferrioxamine resulted in protoporphyrin accumulation (Fig.  4a) .
Exposure of control cells to 10 /M-haem increased concentrations of cytochrome P-450 (P < 0.01), suggesting the presence of some apo-cytochrome P-450. Haem is a potent inducer of haem oxygenase, as shown with both control and mephenytoin-treated cells (Fig.  4c) . The additiQn of haem plus 4,6-dioxoheptanoic acid or desferrioxamine fully restored the mephenytoinmediated increase in cytochrome P-450, implying that mephenytoin alone increased both haem synthesis and apoprotein synthesis. 4,6-Dioxoheptanoic acid and desferrioxamine had no effect on the haem-mediated induction of haem oxygenase, in either control or mephenytoin-treated cells.
Vol. 250 In contrast with the major effects on drug-mediated increases in haem oxygenase, 4,6-dioxoheptanoic acid had little effect on metal induction of haem oxygenase (Fig. 5a ).
DISCUSSION
A major finding of this paper is that the activity of haem oxygenase and the concentration of cytochrome P-450 are increased in chick-embryo hepatocytes by phenobarbitone, mephenytoin and glutethimide. These clwmicals increase the same form of cytochrome P-450 in chick-embryo hepatocytes . Synthesis ofnew RNA and protein is required in order for these drug effects to occur, as shown by the inhibitions produced by actinomycin D and cycloheximide (Table  2 ) Induction of the apoprotein moiety of cytochrome P-450 is believed secondarily to produce a partial depletion of the regulatory haem pool, and in turn to cause a derepression of ALA synthase (Granick et al., 1975; Bonkovsky, 1982) . However, the possibility that induction of ALA synthase occurs by a mechanism independent of changes in a regulatory haem pool has not been excluded. The experiments with inhibitors of haem synthesis and haem (Fig. 4) indicate that phenobarbitonelike chemicals increase synthesis of both the haem and the apoprotein moieties of cytochrome P-450, thereby increasing concentrations of the holo-cytochrome. The experiments further suggest that induction of haem oxygenase activity by phenobarbitone-like chemicals is a secondary effect, dependent on increased haem synthesis (Lincoln & Bonkovsky, 1987) . 4,6-Dioxoheptanoic acid and desferrioxamine, both potent inhibitors of haem synthesis with different sites of action, completely prevented increases in haem oxygenase in the presence of phenobarbitone-like drugs, effects that were reversed by the addition of haem (Fig. 4) . That haem is involved in these drug effects is further supported by examination of the time courses in Fig. 1 , in which an increase in cytochrome P-450 concentrations preceded the increase in haem oxygenase activity.
Our current results also clearly show that there is a second mechanism for the induction of haem oxygenase that is not dependent on increased regulatory haem. This Each bar represents the average of two measurements which varied by < I0% from the mean. conclusion is supported by the experiments with metals that produce marked increases in activity of haem oxygenase, with no concomitant increases, and indeed moderate decreases, in concentrations of cytochrome P-450 (Fig. 5b) . Furthermore, the metal induction of haem oxygenase occurred even when haem synthesis was blocked by the addition of 4,6-dioxoheptanoic acid or desferrioxamine (Fig. 5) .
The observation that iron increased activity of haem oxygenase, even when haem formation was blocked by the presence of 4,6-dioxoheptanoic acid (Fig. 5a ), provides evidence that iron itself, as well as its protoporphyrin chelate haem, is a proximate mediator of the induction of hepatic haem oxygenase. The greater induction of haem oxygenase activity by ferric nitrilotriacetate than by other iron salts (Sardana et al. 1982 ) is probably due to greater cellular iron uptake of the iron-nitrilotriacetate complex (Shedlofsky et al., 1983) . Thus iron, acting as a heavy metal, analogous to cobalt or cadmium, increases the activity of haem oxygenase by one mechanism, whereas haem increases this activity by another mechanism. The present results in chick-embryo hepatocytes support the concept of at least two disparate mechanisms for induction of haem oxygenase, previously suggested from studies in rats (Kikuchi & Yoshida, 1983 ).
Glutethimide and mephenytoin were found to increase porphyrin accumulation both in hepatocytes in ovo and in culture (Table 1) . The increase in porphyrins in ovo was primarily observed for glutethimide-treated eggs and was principally protoporphyrin (Table 1) . In cultures, all the drugs tested produced an increase in porphyrin accumulation, and the majority of this porphyrin was uro-rather than proto-porphyrin. These findings are similar to those previously described (Ferioli et al., 1984) . As discussed elsewhere , the predominance of uroporphyrin accumulation in the cultures is probably related to an increased propensity for uroporphyrinogen to be oxidized to the corresponding porphyrin, which is not a substrate for uroporphyrinogen decarboxylase, the enzyme that converts uroporphyrinogen via stepwise decarboxylation into coproporphyrinogen. Despite porphyrin accumulation, treatment of hepatocytes with glutethimide and similar chemicals actually produced an excess of haem beyond that required for cytochrome P-450 induction, as shown by an apparent increase in haem saturation of tryptophan dioxygenase (B. C. Lincoln, A. Alvarado, N. Setty & H. L. Bonkovsky, unpublished work), the ability to sustain cytochrome P-450 induction in the presence of elevated haem oxygenase activity (Fig. 3) , and increased haem degradation (Lincoln & Bonkovsky, 1987) . The fact that haem excess occurred is evidence against the view that an increase in ALA synthesis, and thus haem synthesis, produced by glutethimide and similar drugs is related solely to increased haem demand by cytochrome P-450.
In conclusion, glutethimide and mephenytoin induce cytochrome P-450, and secondarily haem oxygenase activity owing to increased haem formation. In contrast, metal induction of haem oxygenase activity occurs independent of increased haem formation. This work was supported by grants from N.I.H. (DK38825 and RR00039). We thank Ms. Pat Gulliford for assistance with typing the manuscript.
